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INTRODUCTION
HIMAC (Heavy Ion Medical Accelerator in Chiba) was constructed at the National Institute of Radiological Sciences (NIRS), Chiba, Japan (by the government) in 1993 to perform advanced radiotherapy treatment. Clinical trials were started using carbon ions in June, 1994. Over 1796 patients had been treated with HIMAC carbon ions by February, 2004 . Of them, 1549 patients who had a minimum followup of 6 months were analyzed for toxicity and tumor response. Carbon ions are superior to X-rays in two points: the physical and the biological characteristics over cancer medical treatment. 1, 2) For example, carbon ions induce a higher level of DNA damage than X-rays. 3, 4) Exposure of mammalian cells to ionizing radiation leads to a large number of different types of DNA damage, such as base damage, DNA single-strand breaks (DNA-SSB) and DNA double-strand breaks (DNA-DSB). Most of the damage is repaired, but a small fraction is non-reparable. It is generally believed that the majority of the non-reparable damage is DNA-DSB and clustered damages, [5] [6] [7] [8] [9] while the DNA-SSB are considered to be faithfully repaired. 10) However, the actual fraction of non-reparable DNA-DSB is not known, and non-reparable DNA damage could be an important factor to the OER (oxygen enhancement ratio) of cell killing (OER killing ).
The radiation resistance of a cell under a low oxygen condition is critical to cancer treatment, and therefore clarifying the mechanism of the oxygen effect is important. Three major relations between OER killing and LET (linear energy transfer) have become obvious. (1) The OER killing decreases with increasing LET. (2) OER killing -LET spectrum is hardly dependent on the cell types, and tends to shift to the high LET side by increasing the particle charge Z. (3) The oxygen effect is almost lost at LET of 300 keV/ µ m or higher.
11)
Radio-chemical reactions are generally believed to be the fundamental mechanisms underlying oxygen effects. 12) Especially, indirect action of OH radicals to induce DNA damage is important for low LET. Oxygen is useful for the fixation of DNA damage. 13, 14) In this study, we measured released DNA after X-rays or carbon ions under oxic and hypoxic conditions, and compared the OER for DNA-DSB (OER dsb ) with the OER killing .
MATERIALS AND METHODS

Cells culture
Chinese hamster ovary (CHO) cells were grown in Ham's F12 medium (SIGMA) supplemented with 10% fetal bovine serum (JRH, Lot.No.12103-78P) and antibiotics (100 U/ml penicillin and 100 µ g/ml streptomycin) under a humidified condition with 5% CO 2 at 37 ° C. Cultured cells were harvested with 0.2% trypsin in PBS, and cells were seeded in 3 cm diameter glass dishes at concentrations of 2 to 4 × 10 5 cells per dish. The dishes were cultured for 24 hours prior to exposure.
Irradiation
X-rays were produced by a generator (SHIMADZU, PANTAC HF-320S) operated at 200 kVp and 20 mA. The X-rays were filtered with 0.5 mm Al and 0.5 mm Cu. The dose rate was 4.9 Gy/min. Carbon ions having a dose-average LET of 80 keV/ µ m were provided by 290 MeV/nucleon beams at NIRS-HIMAC.
2) Cells were exposed behind a set of plastic plates to reduce the energy, and make the LET to be 80 keV/ µ m. By using an energy degrader, the cells were exposed in a mixed field of primary and secondary particles. The dose rate was about 30 Gy/min. The cells, once rinsed with a fresh medium, were transferred into the irradiation chamber. For exposure under the oxic condition, the irradiation chamber was filled with air containing 5% pure CO 2 , and kept at 4 ° C during exposures. For the hypoxic condition, the chamber was flushed for more than 1 hour just before irradiation with 1000 ml/min of 95% pure N 2 and 5% pure CO 2 that had passed through a bubbling bottle to maintain high humidity. The chamber was continuously flushed with the hypoxic gas at a flow rate of 200 ml/min and kept at 4 ° C during exposures.
Cell lysis and incubation for rejoining
After irradiation, the cells were either lysed directly or kept in the incubator to allow DNA-DSB rejoining under the oxic condition. For post-irradiation incubation, Petri dishes were filled with 5 ml of a pre-warmed medium and placed in an incubator. The cells were washed twice with cold PBS, rinsed with cold trypsin and kept on ice for 20 minutes. The cells were resuspended in cold PBS, and embedded in 1% SeaPlaque GTG agarose gels (FMC) plugs at a density of 1.5 × 10 5 cells/ml (1 × 10 4 cells/plug). All steps were performed on ice to minimize DNA rejoining. The cells in the agarose plugs were incubated in a lysis buffer (TREVIGEN, #4250-050-01) containing 0.5 mg/ml proteinase K (SIGMA) for 1 hour to guarantee the diffusion of chemicals into the Agarose. Cell lysis was performed at 50 ° C for 24 hours. The plugs were equilibrated in TE buffer (SIGMA, pH 8) for 1 hour at room temperature and used for electrophoresis. 15, 16) The plugs were loaded on 0.6% SeaKem Gold agarose gels (Cambrex) and subjected to electrophoresis at a field strength of 0.6 V/cm in 0.5x TBE buffer for 36 hours. The gel was stained for at least 3 hours with Ethidium bromide (2 µ g/ml), and dipped overnight at room temperature in distilled water. The fluorescence intensities were measured with an UV transilluminator and a digital camera (KODAK, DC290) with an orange filter, which was connected to a computer with image analysis software (KODAK, 1D Image Analysis Software).
Static-field gel electrophoresis (SFGE)
Analysis of DNA damage
The fluorescence intensities of DNA that were retained (DNA ret ) in the slot and released (DNA rel ) from the slot were measured. The released DNA showed a total amount of DNA fragments, which was caused by DSB. 15, [17] [18] [19] The fraction of retained DNA (F R ) was calculated by a formula,
and plots were fitted with
Here, D (Gy) in the exposed dose, and the D 0 is the dose corresponding to 37% retained DNA.
Assuming two exponential components of rejoining, repair kinetics data were fitted to the equation 20) 1
where t (min) is the rejoining time. Parameters F and S describe the amplitudes, and parameters f and s are constants of the fast and the slow rejoining components, respectively. From these parameters, the half-time of the fast ( t 1/2,fast = ln2/ f ) and the slow ( t 1/2,slow = ln2/ s ) components of rejoining can be calculated. The DNA-DSB repaired by the fast (K fast = F / ( F + S )) and the slow (K slow = S /( F + S )) kinetics can be calculated. OER of DNA-DSB (OER dsb ) was calculated using the equation
Colony formation assay
Irradiated cells were rinsed twice with PBS, once with trypsin solution, and kept at 37 ° C for 3 min. The cells were resuspended in 1 ml of fresh medium and counted by a Coulter Counter (BECKMAN, COULTER-Z1). The suspensions were seeded in three 6 cm culture dishes (Falcon, #3002) at a density to be approximately 150 surviving cells per dish, and then incubated for 10 days. The colonies in the dishes were rinsed with PBS, fixed with a 10% formalin solution in PBS for 10 min, and stained with a 1% methylene blue solution. Colonies consisting more than 50 cells were counted as survivors. The survival parameters were calculated from the data by a curve fitting using a linear-quadratic (LQ) equation,
where SF is the surviving fraction and D is the dose; α and β are parameters for a survival curve. The distribution of OER at the 10% survival level was found for CHO cells exposed to X-rays or carbon ions. Values were obtained from the D 10 values for the survival curves.
RESULTS
Rejoining of DNA-DSB after X-rays or Carbon ions
A typical gel is shown in Fig. 1 . The amounts of retained DNA and released DNA were measured from the picture, and the fraction of retained DNA (F R ) was calculated by eq. 1.
The fraction of retained DNA from CHO cells at various rejoining times was decreased exponentially with the dose (eq. 2), and increased with the rejoining time for all conditions (Fig. 2) . The slope of a regression line was calculated for each curve, and plotted against time (Fig. 3) . The slopes of F R become smaller with an increase of the rejoining time. The first decrease of the slope is sharp, followed by a shallow slope. At the same rejoining time, the slopes of F R of the oxic condition are larger than those of the hypoxic condition. The rejoining kinetics of DNA-DSB induced by X-rays and carbon ions are regarded as the sum of two exponential components (eq. 3), and are listed in Table 1 . Half-times of both the fast ( t 1/2,fast ) and the slow ( t 1/2,slow ) components for X-rays were shorter than those of the carbon ions (Table 1) . Whether irradiation was conducted under the oxic or hypoxic condition did not affect t 1/2 , except the slow component for Xrays (P < 0.05).
Released DNA to the fast kinetics by X-rays under the hypoxic condition was 4.2 kGy -1 , and 10-times smaller than that under the oxic condition (Table 2 ). However, 80% of the DNA damage that rejoined by fast kinetics was rejoined within 15 minutes, irrespective of the condition. On the other 247 ± 37 237 ± 31 a) Half-time is calculated from the curves of DNA-DSB rejoining kinetics in Fig. 3 .
hand, that by slow kinetics rejoined 22 to 23% within 15 minutes. Almost all of the damaged parts were rejoined within 300 minutes. Released DNA to the fast and the slow kinetics by carbon ions under the hypoxic condition was two-times smaller than that under the oxic condition ( Table  2 ). The rejoined fraction of the fast and slow components for carbon ions was less than that of the X-rays. No difference between the oxic and hypoxic conditions was found for the rejoined fraction.
The percent of DNA-DSB rejoined by the fast kinetics (Kfast) was 83% for X-rays under the oxic condition ( Table  3 ). The K fast values for X-rays under the hypoxic condition and for carbon ions under both the oxic and hypoxic conditions were small, and about 50%. Figure 4 shows OER of DNA-DSB (OERdsb) after X-rays and carbon ions. A very large value of OERdsb (5.7) was obtained shortly after X-ray irradiation, but rapidly decreased during the first 15 minutes to 3.4; this value remained unchanged. The initial OERdsb of carbon ions was 2.2 and did not change between 0 and 300 minutes. Figure  5 shows the survival curve for X-rays and carbon ions. The OERdsb of X-rays after 15 minutes of rejoining time was 3.4, and approached to the value of OER for cell killing (OERkilling) at a 10% survival level, 2.8 (Table 4 ). In the case of car- 43 ± 16
OER of DNA-DSB and cell survival
Carbon ions 55 ± 7 52 ± 6 a) Percent of DNA-DSB rejoined by the fast kinetics. Total damages are calculated from the curves of DNA-DSB rejoining kinetics. b) Kfast for X-rays under oxic condition was compared with the others. P < 0.001, Student's t-test. bon ions, the value of OERkilling was 1.8, similar to the OERdsb at 15 minutes, i.e., 2.2.
DISCUSSION
DNA-DSB in CHO cells after two different radiations and under two gaseous conditions were studied (Table 1, 2 and  3) . For X-rays under the oxic condition, the initial released DNA was higher than that under the hypoxic condition. Similar results are reported for plasmids (7.5 21) or 6. 2 22) ) and mammalian cells (5.0 23) ). Peroxy-radicals produced by Xrays induce DNA strand breaks with high efficiency under the oxic condition.
21) The initial OER of DNA-DSB in this work was 5.7, and decreased by rejoining to 3.4 within 15 minutes (Fig. 4) . The OERdsb did not show any big change by additional rejoining incubation up to 300 minutes (Table  4 and Fig. 4) . We propose that the rejoining of DNA-DSB plays a key role in the oxygen effect of cell killing. DNA-DSB produced by X-rays under oxic irradiation rejoined more efficiently than that under hypoxic irradiation ( Table  4 ). The initial DNA-DSB after hypoxic irradiation probably involves two types: strand breaks caused by radicals irrelevant to oxygen and strand breaks by direct action. In the case of oxic irradiation, part of the DNA-DSB would additionally be produced by oxygen-reacting free radicals, and could be rejoined big fast kinetics.
The rejoining kinetics of the released DNA induced by carbon ions under oxic and hypoxic irradiations were very similar at all rejoining times (Fig. 3B) , and the OERdsb was independent of the rejoining time when cells were irradiated by carbon ions (Fig. 4) . This indicates that DNA-DSB produced under oxic and hypoxic conditions may be the same, and rejoined by the same systems. The percent of DNA-DSB rejoined by fast kinetics was the same under oxic (55%) and hypoxic (52%) irradiations for carbon ions, which was not the case for X-rays (Table 3 ). This indicates that the production of DNA-DSB related to oxygen-reacting free radicals is small when cells are irradiated with carbon ions, and coincides when the indirect effect of carbon ions is smaller than that of X-rays. 24, 25) The rejoining of the half-times of both components was the same between the oxic and hypoxic irradiations for the carbon ions (Table 1) . However, the halftimes of carbon ions were 2-to 5-times slower than that of X-rays for both the fast and the slow rejoining components, respectively. A slower half-time for carbon ion irradiated DNA-DSB is also reported by other authors. 9, 26, 27) The total released DNA after rejoining (300 minutes) following carbon ion irradiation was larger than that by X-rays (Table  2) , as Shimasaki et al. reported.
28) The total unrejoined DNA-DSB values for X-rays were almost zero (0.18 or 0.023 kGy -1 ), but those for carbon ions were 3.6 and 1.7 kGy -1 for oxic and hypoxic irradiations, respectively. This indicates that more than 99% of DNA-DSB rejoined for Xrays, but 20% (= 100 -81) of them still remained unrejoined for carbon ion irradiation after 300 minutes. The rejoining time for DNA-DSB produced by carbon ions could be longer than that for X-rays, since DNA-DSB caused by carbon ions are complex compared with that by X-rays. [29] [30] [31] [32] The initial OER found for X-ray induced DNA-DSB was as large as 5.7, but decreased rapidly, and reached a similar value to the OER of cell killing, i.e., 2.8 (Fig. 4, Table 4 ). Since the OERdsb of carbon ions was stable, and did not change during the rejoining time, we conclude that the rejoining of DNA-DSB, leading the OERkilling from the OERdsb, plays an important role in the oxygen effect.
